A sample of human dental plaque was homogenized in transport fluid and inoculated simultaneously into a glucose-limited and a glucose-excess chemostat maintained at pH 7.0 and a dilution rate ( D ) of 0.05 h-l. In an attempt to ensure the establishment of slow-growing bacterial populations, two further inoculations of each chemostat with fresh samples of dental plaque took place before a steady-state was attained at this dilution rate. The dilution rate was increased step-wise to D = 0-6 h-l, and then returned directly to D = 0.05 h-l. Contrary to chemostat theory, microbial communities with a high species diversity were maintained under all of the experimental conditions employed, although not all of the bacterial populations present in the inocula established successfully in the chemostat. At each steady-state the bacteriological composition and biochemical properties (fermentation products, enzyme assays and acid production) of the communities of each chemostat was determined. Higher cell yields and a slightly more diverse community were obtained from the glucose-limited chemostat at all dilution rates. A complex mixture of end products of metabolism was obtained from the glucoselimited chemostat, suggesting amino acid catabolism, while lactate was the predominant acid of the glucose-excess culture. In washed-cell experiments, communities from the glucose-excess chemostat produced the lower terminal pH values following a pulse of glucose, with the lowest pH values occurring at the higher dilution rates. A film of micro-organisms, which accumulated around the neck of the chemostat, was sampled at the end of the experiment. The microbial composition of the films from each chemostat differed markedly, and both were different to the community of the bulk fluid of the respective chemostat. Spirochaetes and a population of yeasts were detected in the films from the glucose-limited and glucose-excess chemostats, respectively. No invertase or glucosyltransferase activity, and little glucoamylase-specific glycogen was detected in the communities from either chemostat, although significant endogenous activity, particularly at high dilution rates, was obtained with washed-cells from the glucose-excess chemostat. The results suggest that the chemostat could make a valuable contribution to the study of the ecology of dental plaque.
INTRODUCTION
Dental plaque is the general term used to describe the complex microbial community, embedded in a matrix of polymers of bacterial and salivary origin, that is associated with the returned directly to D = 0.05 h-l. Cultures were allowed to reach equilibrium for at least 10 mean generations at each dilution rate before samples were taken for microbiological and biochemical analyses.
To compare the composition and properties of mixed communities grown under conditions of glucoselimitation and glucose-excess (amino acid limitation), homogenized plaque was inoculated simultaneously into two chemostats. One chemostat was supplied with a complex medium, slightly modified (Ellwood et af., 1974) to that of Cybulska & Pakula (1963) , containing 1% (w/v) glucose to give glucose-limited conditions. The other chemostat was supplied with the complex medium diluted 1/10 and supplemented with 3.5% glucose to give glucose-excess conditions.
Inoculation. Each chemostat was loaded initially with 300 ml sterile, glass-distilled water and was inoculated with 0.8 ml homogenized plaque suspended in transport fluid. The flow of medium was started at a rate equivalent to D = 0.05 h-'. The chemostats were reinoculated on days 7 and 8 of the experiment with freshly collected plaque from the same sites of the same individual. In this way it was hoped that a full enrichment culture of oral bacteria would be obtained.
Microbial composition of the inocufa and the chemostat communities. The microbial composition of the three plaque samples used as inocula was determined by differential colony counts on a variety of selective and nonselective media as described by Bowden et af. (1975) .
The microbial composition of the mixed communities in the chemostat was determined in the same way on serially diluted culture fluid that was taken at regular intervals during the development of a steady-state at D = 0.05 h-l, and subsequently during steady-state conditions at D = 0.1, 0.2, 0-4, 0.6 and again at 0.05 h-I. The selective and non-selective media used were 6% (v/v) horse blood agar (blood agar base no. 2, Oxoid) for total aerobic and anaerobic viable counts; TYC medium (London Analytical and Bacteriological Media, 50 Mark Lane, London EC3 R7Q, U.K.) for streptococci; horse blood agar supplemented with 7.5 pg ml-1 vancomycin hydrochloride (Eli Lilly, Basingstoke, U.K.) for anaerobic Gram-negative bacteria ; and Rogosa's Lactobacillus agar (Difco) for lactobacilli. All plates, except those for aerobic bacteria, were incubated for 6 d in an anaerobic jar under an atmosphere of 10% (viv) C02, and 20% (v/v) H2 in N2; aerobic plates were incubated for only 3 d. Each different colonial type was counted, representative strains were sub-cultured on blood agar, and then Gram stained, tested for catalase activity, and for the ability to grow aerobically. Predominant colonial types were freezedried and identified later. A heavy microbial deposit accumulated around the neck of the chemostat due to the continuous splash of media on the glass walls of the culture vessel. The microbial composition of a sample of this 'spatter-zone' was determined at the end of the experimental run by the method described above.
Idenrlfication of isofates.
Streptococci were identified by physiological tests according to the method of Hardie & Bowden (1976) . Isolates giving hard textural colonies on sucrose-containing agar were considered to be extracellular polysaccharide-producing streptococci (EPS-streptococci). Gram-positive rods were placed in the appropriate genera on the basis of their fermentation products from the metabolism of glucose (Bowden et a f . , 1975); members of the genus Actinomyces were separated by serological criteria (Bowden et af., 1976) ; lactobacilli were speciated by physiological tests (Cowan & Steel, 1974) . Facultatively anaerobic Gram-negative cocci that were catalase-and oxidase-positive were identified as Nezsseria, while obligately anaerobic Gram-negative cocci that converted lactate into propionic and acetic acids were placed in the genus Veiffoneffa. Obligately anaerobic Gram-negative rods that produced predominately succinic and acetic acids from the fermentation of glucose were identified as Bacteroides but no attempt was made to speciate isolates with the exception of black-pigmented colony types which were grouped together as Bacteroides mefaninogenicus. Gram-negative filaments producing either lactic and acetic acids or predominately butyric acid from the fermentation of glucose were identified as Leptotrichia and Fusobacterium, respectively.
Washed-cefl experiments. Cells were collected via the chemostat overflow in a container cooled in ice for various periods (never more than 16 h) before being harvested by centrifugation (8000g for 15 min) and washed once in 20 mM-potassium phosphate buffer, pH 7.0. The cells were resuspended in saline (0.98%, w/v) at a concentration of approximately 30mg dry wt ml-* and stored in ice until required (Hamilton & Ellwood, 1978) .
pH_Jall experiments. The procedure was essentially the same as that described by Hamilton & Ellwood (1978) . Cells (7-10 mg dry wt) were suspended in saline and agitated by a magnetic stirrer. The pH was adjusted to 7.0 by the addition of 0.1 M-NaOH with a pH-stat System (Radiometer, Copenhagen, Denmark) comprising a model 26 pH meter, type SBR2c Titrigraph Titrator I1 and Autoburette ABU 12, and then 100 p1 of a 30 mg ml-I sugar solution was added. The fall in pH was monitored on a Vitatron Lin-Log recorder (Fisons Scientific Apparatus) for 15 min with the Radiometer system without the titrator. The suspension was kept anaerobic by the passage of a slow stream of 02-free N 2 over the mixture. A series of pH-fall curves was obtained from the endogenous metabolism of storage material and following the addition of glucose, sucrose and fructose. The effect of 1 mMfluoride on the pH-fall of cells metabolizing glucose was also studied.
Rate ofglucose transport in the chemostat. Glucose uptake by cells growing in each chemostat was calculated from the equation of Herbert & Kornberg (1976) :
P . D . MARSH AND OTHERS
where qs = the rate of glucose utilization [nmol (mg dry wt cells)-' min-'1, D = dilution rate (h-l), So = glucose concentration in the inflowing medium (nmol ml-I), and x = community dry weight (mg ml-I).
Rate of acid production in the chemostat. Because the bacterial communities produced acidic fermentation products and because the chemostat cultures were maintained at pH 7.0 by the automatic addition of 2 M-NaOH, it was possible to determine the rate of acid production in the chemostat by the equation of Ellwood et al. (1979) :
where q;,]k = the rate of alkali addition [nmol (mg dry wt cells)-] min-'1, A = concentration of alkali (nmol ml-I), s = community dry weight (mg ml-I) and Dalk = dilution rate for alkali (volume of alkali added h-' per volume of culture vessel).
Anal~ticalprocedures. Cultures from both chemostats were examined daily by phase contrast microscopy and a photographic record was kept. Measurement of turbidity and dry weight, amino acid analysis, and the residual glucose estimation of the culture effluent was done as described previously (Ellwood et a/., 1974) . Culture filtrates were analysed for volatile and non-volatile acid products of fermentation by GLC using the methods of Hamilton . Lactic acid was detected by the enzymic method of Barker & Summerson (1941) . Glucoamylase-specific glycogen in cells was assayed by the method of Hamilton (1976) and total carbohydrate was determined by the method of Dubois et 01. (1956) .
Enzyme assays. Glucosyltransferase was assayed according to the method of Ellwood et al. (1976) . Invertase was measured as the release of glucose from sucrose in a reaction mixture containing culture filtrate and sucrose (50 mM) at pH 6.5 and 37 "C .
R E S U L T S

Inocula
The microbial composition of the three inocula was complex (Table 1 ) but similar to that described in previous studies (Bowden et al., 1975) . Therefore, each inoculum could be considered as representative of dental plaque from approximal sites. Leptotrichia buccalis was isolated on one occasion from the glucose-excess chemostat but was not detected in the three inocula (Table 1) .
Growth parameters in the chernostat
The growth parameters of the bacterial communities growing under glucose-limitation and glucose-excess are presented in Table 2 . No glucose was detected in culture filtrates from the glucose-limited chemostat except at D = 0-6 h-l, while glucose was always present in filtrates from the glucose-excess culture. With the exception of those at D = 0.6 h-l, molar growth yields remained relatively constant in both the glucose-limited and glucose-excess chemostats, although yields from the former were consistently higher by between 5-9 fold (Table 2) . Although values are cited as Ymolar glucose other energy sources were present in the complex medium which could make a contribution to yields. Amino acid analysis of culture filtrates from the glucose-limited chemostat showed arginine to be depleted despite being present (7.5 mM) in the uninoculated medium. Arginine can be involved in substrate level phosphorylation through the generation of carbamyl phosphate via the ornithine cycle. Indirect evidence for the operation of this pathway came from an increased concentration of ornithine in culture filtrates from the glucose-limited chemostat compared with the uninoculated medium.
A wide range of fermentation products was detected at all dilution rates in the glucose-limited chemostat ( Table 3) . Some variation with dilution rate occurred : iso-butyric and n-valeric acids were detected only at slow growth rates, while lactate was found in greater concentration at higher dilution rates. A much simpler pattern of metabolic end products was obtained from the glucose-excess chemostat. Lactate was the predominant fermentation product at all dilution rates although its concentration decreased with increasing growth rate ( Table 3 ). The glucose consumed also decreased with increasing dilution rate in the glucose-excess chemostat. At D = 0.6 h-' the yield was lowest and little of the glucose utilized appeared in the culture as fermentation products (Tables 2 and 3 ). 
+ +
Microbial composition of chemostat cultures
An increase in total viable count was observed when the dilution rate of each chemostat was raised. These counts did not show any relationship with data on the dry weight or turbidity of the culture fluid. These increases were assumed to be due to the aggregation of cells which resulted in their ineffective serial dilution. Evidence supporting this assumption came from both microscopic and visual observation of the culture fluid. Consequently, the bacteriological data will be expressed and discussed mainly on the basis of: (1) the populations that did, or did not, become established in the chemostat, (2) the isolation frequency (persistence) of populations in each chemostat (Table 4) , and (3) fluctuations of individual populations resulting from a deli berate alteration of environmental conditions ( Table 5 ). In addition, a comparison will be made between the microbial composition of the deposit that formed around the 'spatter-zone' and the community of the bulk fluid (Table 6) , and between the community of the bulk fluid grown under glucose-limitation and glucose-excess ( Table 7) .
Despite the enrichment culture techniques, not all the populations present in the three inocula were able to establish successfully in the chemostat. Nevertheless, a complex community was maintained throughout the experimental period under all of the conditions employed. Considerable variation was found in the isolation frequency (persistence) of individual populations. Some streptococcal species, lactobacilli, and veillonellae were present in the 
under glucose-limitation and glucose-excess at diferent dilution rates in a chemostat
Rates of glucose transport (qs) and acid production (qalk) are calculated from equations (1) and (2) majority of samples under all cultural conditions, while other populations could be isolated only occasionally ( Table 4) . The isolation frequency of some populations was influenced by the limiting nutrient. For example, Neisseria spp. were present in 79% of samples from the glucoselimited chemostat but were recovered from only 36% of samples from the glucose-excess culture (Table 4) . In general, the community of the glucose-limited culture was more heterogeneous at each sampling than that grown under glucose-excess. The nutrient responsible for limiting growth affected the degree of prominence achieved by some populations within the community ( Table 7) . Although Streptococcus safivarius was present in all samples, its proportion under glucose-limitation was markedly lower than that attained under glucose-excess conditions. Streptococci capable of producing extracellular polysaccharides when cultured in the presence of sucrose were isolated in higher numbers in the glucose-Mixed culture studies of oral bacteria 763 Table 6 . Microbial composition of the 'spatter-zone' deposit on the walls of a glucose-limited and
glucose-excess chemostat
Each chemostat was growing a complex community of oral bacterial populations (see Tables 4 and 7 ).
The 'spatter-zone' deposit is the film of micro-organisms which accumulated around the neck of each chemostat due to the continuous splash of media onto the glass walls. Results for each bacterial population are expressed as a percentage of the total viable count. Samples were taken at the termination of the experimental run. excess chemostat, although counts of Streptococcus mutans were favoured by glucose-limited conditions.
The composition of the microbial community was influenced by alterations of the growth rate.
Under glucose-limitation at steady-state conditions and the lowest dilution rate (D = 0-05 h-l), EPS-streptococci were not detected, or were present in very. low numbers ( Table 5 ) . As the dilution rate was increased, the proportion of EPS-streptococci within the streptococcal community increased markedly and maximum levels were obtained at the highest dilution rate, D = 0.6 h-l. The percentage of EPS-streptococci within the streptococcal community fell as the dilution rate was returned to its original value and these organisms could not be detected under steady-state conditions at D = 0.05 h-l. This relationship was not observed under conditions of glucose-excess (Table 5) . Problems were encountered in the identification of some isolates from the chemostat cultures. The identity of EPS-streptococci could not always be determined conclusively, although some strains resembled Streptococcus mutans, Streptococcus sanguis and 'Streptococcus mitior'. Isolates belonging to several other genera, including lactobacilli, had properties intermediate between + ND, Not detected at a sampling dilution of 10"; + , less than 0-1 % of the total cultivable flora.
those of accepted species. It was not certain if these variants were selected from the inocula or whether they were derived from an exchange of genetic information among community members.
Stability of the microbial community under steady-state conditions at D = 0.05 h-'
The experimental design was concerned with studying the influence of growth rate and nutrient limitation on the microbial composition rather than on the stability of oral communities in the chemostat at fixed dilution rates. Only a limited number of samples could be taken for bacteriological examination due to the labour-intensive nature of plaque analysis. Changes in the qualitative and quantitative composition of the communities were observed at different dilution rates but there were too few samples taken for any assessment of culture stability under steady-state conditions. However, during the original D = 0.05 h-l steady-state, three samples taken over an 8 d period (14 community generations) and two samples over a 4 d period (seven conimunity generations) for the glucose-limited and glucose-excess cultures, respectively, provided some data suggesting that the communities remained stable in terms of their qualitative composition although a degree of variation could occur in the levels of individual populations ( Table 8) .
Microbial composition of the 'spatter-zone'
The microbial composition of the 'spatter-zone' deposit varied with the limiting nutrient (Table 6 ) but was, in general, more simple in composition than that of the respective bulk fluids. Streptococci were the predominant organisms found in the deposit from the glucose-limited culture although EPS-streptococci were not detected. Spirochaetes were also observed, indicating that micro-environments with a low redox potential existed within this deposit. The spirochaetes were not observed in the deposit from the glucose-excess culture nor in the bulk fluid of either chemostat. The community of the deposit formed under glucose-excess conditions was dominated by lactobacilli and on culture plates there was evidence of yeasts.
Total carbohydrate and glycogen, invertase and ghcosyltransferase activity of the microbial communities There was little difference between the total carbohydrate content of the cells of the microbial communities from the glucose-limited and glucose-excess chemostats despite the large difference in glucose concentration of the two media (55.5 mM and 194 mM, respectively). Little Table 9 . Acid production and fluoride sensitivity of oral microbial communities harvested at diflerent dilution rates from a chemostat, after growth under glucose-limitation and glucose-excess at pH Microbial communities were harvested by centrifugation, washed in 20 mM-potassium phosphate buffer, pH 7.0, and resuspended in saline as stated in the text. Acid production was measured as a pHfall from pH 7.0 following the metabolism of storage material, or following a pulse of 100 pl 30 mg mlglucose, sucrose or fructose. The terminal pH was recorded after 15 min. The effect of 1 mM-NaF on the terminal pH from glucose metabolism was also recorded. glucoamylase-specific glycogen was detected in the communities from either chemostat at all dilution rates, despite the demonstration by pH-fall experiments of endogenous metabolism under all conditions of growth (Table 9) . No invertase activity and less than 20 glucosyltransferase enzyme units (ml culture supernatant)-were detected from both glucoselimited and glucose-excess chemostats.
Acid production Studies of acid production using washed cells demonstrate the potential of a bacterial population or community to respond to a sugar stimulus. With few exceptions, lower terminal pH values were obtained from the communities harvested from the glucose-excess chemostat and metabolizing storage material or an exogenous supply of glucose, sucrose and fructose (Table 9 ). The difference in potential between the glucose-limited and glucose-excess cultures might reflect the different microbial communities of each chemostat (Tables 4 and 7 ). The communities from both chemostats became more acidogenic as the growth rate increased, particularly in the case of the glucose-excess culture. The lowest and highest terminal pH values occurred at D = 0.6 h-l and D = 0.05 h-l, respectively. The critical pH below which demineralization of the tooth enamel becomes significant is believed to be approximately pH 5.5. The addition of fluoride (1 mM final concentration) to washed cells of chemostat-grown microbial communities inhibited acid production and kept the terminal pH of communities from the glucose-limited chemostat above this figure (Table 9 ). When the chemostats were returned to steady-state at D = 0.05 h-l at the end of the experimental period, both cultures appeared to be more sensitive to the action of fluoride.
From the data in Table 2 , it is possible to calculate (equation 1) the rates of glucose utilized by the microbial communities growing in the chemostat. The rate of glucose utilization increased in direct relation to the growth rate for the glucose-limited and glucose-excess cultures. The rate of acid production of cells metabolizing glucose in the chemostat can also be calculated (equation 2). In the glucose-limited chemostat, the conversion of glucose to acid generally increased with increasing dilution rate. A qalk/qs ratio in excess of 2.0 was obtained at D = 0.2 h-l and D = 0.6 h-l. In contrast, the qalk/qs ratio in the glucose-excess chemostat remained relatively constant at approximately 1 .O at all dilution rates. In both the glucose-limited and glucose-excess
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chemostats the percentage carbon recovery from the metabolism of glucose decreased with increasing dilution rate. Only 3 1-56% of the glucose carbon could be recovered as fermentation products from the glucose-excess chemostat whereas the recoveries from the glucose-limited chemostat, except at D = 0.6 h-l, were in excess of 100%. These results indicate that glucose could be completely converted into acid end products by the glucose-limited communities but that a significant proportion of the glucose might be stored by the glucose-excess communities. Appreciable pH-falls from endogenous metabolism were obtained from glucose-excess communities (Table 9 ) and with the glucose-limited community at D = 0-6 h-l, although little glycogen was detected in a glucoamylase-specific assay.
DISCUSSION
C hemostat theory predicts that, unless microbial interactions occur, a single bacterial population will competitively displace all others if a culture is inoculated with a mixture of organisms (Harder & Veldkamp, 1971 ; Veldkamp, 1976) . In the study reported here, microbial communities with a high species diversity were maintained under all of the steady-state environments. These findings imply that the bacterial populations of dental plaque have the capacity to participate in a variety of complex interrelationships, the precise nature of which can be influenced by the prevailing environmental conditions. The bacterial utilization of the products of metabolism (secondary feeding) of bacteria that metabolize the substrates of the habitat (primary feeding) appears to be of particular importance in the development of a stable community (see Bull, 1980; Slater & Bull, 1978) . It is well documented that nutritional interrelationships occur among dental plaque populations (Marsh, 1980) , but few examples have been characterized in detail. It has been demonstrated both in vitro, and in vivo using gnotobiotic rats, that Veillonellu spp., which are unable to utilize carbohydrate substrates, will metabolize lactate produced from the fermentation of glucose by oral streptococci (Mikx & van der Hoeven, 1975; Mikx et al., 1972) . Several other bacterial populations in the oral cavity can utilize lactate, including some oral Neisseriu spp. (Hoshino & Araya, 1980) , and organisms belonging to this genus were regularly isolated, although in low numbers, from the glucoselimited chemostat. The sustained presence of Veillonellu, and presumably of other populations in the communities described here, must be due to the interactions of primary with secondary feeders and might explain the low concentrations of lactate and comparatively high acetic and propionic acid concentrations detected in culture filtrates from the glucose-limited chemostat. The successful survival of other populations might be related to their ability to avoid direct competition for the overall growth-limiting nutrient of the community. Thus, although glucose was depleted and was limiting the growth of the community in one of the chemostats, those bacterial populations at a selective disadvantage, due to, for example, uncompetitive glucose uptake systems, might obtain their growth and energy requirements from the catabolism of amino acids. Support for this proposal is provided by the pattern of fermentation products, the carbon balance data and the depletion of arginine from the glucose-limited chemostat. Indeed, Alexander (1971) regarded the in viuo development of microbial communities with a high species diversity to be indicative of a situation in which a single nutrient is not limiting the growth of all the component populations.
Marked differences were observed in the yields of the microbial communities from the glucose-limited and glucose-excess chemostats. Yields from the glucose excess chemostat were consistent with those from pure cultures of Streptococcus faecalis (Stouthamer, 1976) and several oral streptococci (Carlsson & Griffith, 1974; Hamilton et al., 1979) grown under nitrogen limitation (glucose-excess). However, the yields of the microbial communities from the glucoselimited chemostat were far greater than those obtained from oral streptococci (Carlsson & Griffith, 1974; Hamilton et al., 1979) and a diverse collection of bacterial populations (Stouthamer, 1976) in pure culture. These high yields are further evidence for food-chains, amino acid catabolism and other energy-sharing interrelationships among the community members of the glucose-limited chemostat. For example, the excretion of fermentation products by streptococci will generate an electrochemical gradient across the cell membrane and provide additional metabolic energy for the cell (Michels et al., 1979; Otto et al., 1980) . The maintenance of these gradients by the presence of bacterial populations that can utilize end products of metabolism will be of benefit, therefore, to both the consuming and to the producing organisms Ellwood et al., 1982) . Higher cell yields were obtained when Veillonella afkalescens was added to S . mutans to form a mixed continuous culture (Mikx & van der Hoeven, 1975) .
In spite of the complexities of the communities that were obtained in the chemostat, it is apparent that the composition of the inocula was not reproduced under any of the steady-state environments provided. Among the populations that were not detected in the chemostat (Bacterionema matruchotii, Leptrotrichia buccalis, Rothia dentocariosa) are those that have the mouth as their sole habitat (Bowden et al., 1979) . These observations, when considered alongside the relatively low numbers of Actinomyces spp., particularly members of the Actinomyces viscosus/naesIundii group which are considered to be autochthonous (characteristic) populations of approximal dental plaque, suggest that the chosen experimental conditions were not equivalent to those predominating in the original habitat. One possible explanation is that Actinomyces spp. are dependent on surfaces for their successful colonization. Some evidence for this is provided by the comparatively higher numbers of Actinomyces spp. in the 'spatter-zone' deposit of the chemostat under glucose limitation. The deposit formed under glucose-excess conditions was dominated by members of the genus Luctobacillus, possibly as a result of the selective advantage of these aciduric organisms in the highly acidic film which is likely to develop in the absence of pH control in that part of the chemostat. This situation could be analogous to that found in carious dentine where saliva is unable to buffer the acidic microbial fermentation products and in which lactobacilli often dominate in uivo (Sumney & Jordan, 1974; Edwardsson, 1974) .
Enrichment experiments from river and estuarine sources (Brown et al., 1977; Wardell et aZ., 1980; Ellwood et al., 1982) together with the results of the composition of the microbial communities of the 'spatter-zone' presented here suggest that surfaces provide a different environment, and consequently support the growth of different bacterial populations, to that of the bulk fluid. Spirochaetes and a population of yeasts were detected in the 'spatter-zone' of the glucose-limited and glucose-excess chemostats, respectively, but these organisms were never isolated from the culture fluid of any steady-state environment.
The different abilities of individual bacterial populations to survive in and compete under the limitations imposed might be related to the relative width of their functional niche (Alexander, 1971) . Actinomyces spp. predominate in approximal dental plaque but members of this genus are recovered rarely from other oral surfaces (Gibbons & van Houte, 1975) . The environments provided in the present study might be related, therefore, only to the streptococci-dominated communities of environmentally exposed surfaces of the teeth. In future studies, the successful cultivation of Actinomyces spp. in a mixed chemostat culture might serve as a useful indicator of the provision of a relevant niche for this genus, and, in this way, as a means of identifying parameters controlling the ecology of these autochthonous populations. EPS-streptococci were favoured by glucose-excess environments and this reflects in vivo observations in which subjects that had diets rich in carbohydrate had higher numbers of this group of organisms (Dennis et al., 1975; Staat et al., 1975) . The use of sucrose as a carbon source might markedly influence the prevalence of these bacterial populations and perhaps increase the invertase and glucosyltransferase activities of the communities.
Although the bacterial composition of the chemostat communities did not completely reproduce the inocula, the metabolic activity of the populations that did become established bore a close similarity to that believed to occur in viuo. The fermentation products of the glucoselimited culture (mixed fatty acids) closely resemble the metabolites that have been identified in samples taken from overnight (starved) plaque of monkeys (Cole et al., 1978) , or rats (van der Hoeven et al., 1978) and of man (Geddes, 1975) . Lactic acid has been detected in human plaque immediately following the ingestion of dietary carbohydrate (Geddes, 1972 (Geddes, , 1975 Gilmour et al., 1976) and this was the predominant acid in the glucose-excess culture.
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Acid production by the microbial populations of dental plaque is one of the major virulence factors in the aetiology of dental caries. Enamel demineralization becomes significant below pH 5.5 so that the terminal pH following a sugar pulse serves as a useful indicator of the cariogenicity of a particular organism in vitro or of dental plaque in vioo. Most studies of the acidproducing potential of plaque populations have been limited to studies of pure cultures of oral streptococci which have shown that lower terminal pH values and faster rates of acid production are obtained from washed cells of glucose-limited rather than from glucose-excess cultures (1Ellwood eta/., 1979; Hamilton et al., Marsh et al., 1982) . This effect has been attributed to the induction of high affinity transport systems under conditions of substrate limitation (Ellwood eta/., 1979) . However, in uivo, the pathogenic potential of dental plaque will be related to the collective activity of the microbial community at a site. In the present study, in contrast to work with pure cultures, more acid was generally produced by washed cells from the glucoseexcess chemostat, with the faster growing communities giving the lowest terminal pH values. The addition of fluoride inhibited acid production by the communities, reducing the terminal pH in pH-fall experiments to values close to the critical pH of 5-5 although the glucose-limited and the glucose-excess communities appeared to be more sensitive when the chemostats were returned to D = 0.05 h-l at the end of the experimental run. The low recovery of fermentation products from glucose metabolism suggests that appreciable amounts of storage material were synthesized by the communities under glucose-excess conditions. Support for this came from the significant endogenous metabolism exhibited by microbial communities from the glucoseexcess chemostat. However, analyses would tend to indicate that the storage material of these communities is not glycogen which is a similar finding to that obtained from studies of S. mutans in pure culture (Hamilton & Ellwood, 1978) .
Despite some of the conceptual problems concerning liquid cultures, discussed above, the chemostat offers many advantages over films in the study of microbial communities, irrespective of whether their natural habitat is associated with a surface. In the mouth it is the collective activity of the community that is relevant to disease. Liquid cultures can be sampled easily and frequently for qualitative and quantitative bacteriological studies and for biochemical assays pertinent to the metabolic activity and pathogenic potential of the community. In addition, liquid systems will enable studies to be made of the susceptibility of a community to antimicrobial factors.
As a preliminary experiment, this work has provided data that could not have been obtained using alternative techniques. The chemostat was operated initially at a low dilution rate which provides conditions most suited to the establishment of slow-growing populations which can be commonly isolated from dental plaque. Such a manipulation of the cultural conditions could not have been achieved in a closed, batch culture system. It has proved possible to maintain in the homogeneous environment of a chemostat complex communities of oral bacteria which can be influenced in terms of their microbial composition and metabolic activity by altering specific variables such as nutrient limitation and growth rate. However, it must be emphasized that the chemostat was not being used to simulate the oral cavity but was simply being considered as an environmentally-relevant model (see Bull, 1980) . Systems such as gel-stabilized nutrient gradients (Wimpenny et af., 1981) and models that allow the development of microbial films (for example see Atkinson & Fowler, 1974, and Wimpenny, 1982) together with fundamental studies of the physiology of bacteria when growing on a surface will be necessary to complement chemostat mixed cultures. Now that it is being recognized that many infections are the result of the combined activity of groups of interacting microbial populations, the study of microbial communities is necessary if our knowledge of the processes involved in plaquemediated diseases and other mixed culture infections is to be advanced.
